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ABSTRACT 22 
Thaumarchaeota synthesize specific glycerol dibiphytanyl glycerol tetraethers (GDGTs), the 23 
distribution of which is affected by temperature, thereby forming the basis of the 24 
paleotemperature proxy TEX86. Lipids in marine surface sediments are believed to be derived 25 
mainly from pelagic Thaumarchaeota; however, some studies have evaluated the possibility that 26 
benthic Archaea also contribute to the lipid fossil record. Here, we compared the archaeal 27 
abundance and composition from DNA-based methods and the archaeal intact polar lipid (IPL) 28 
diversity in surface sediments of a seasonally hypoxic marine lake to determine the potential 29 
biological sources of the sedimentary archaeal IPLs in  under changing environmental conditions. 30 
The archaeal community changed from March (oxic conditions) to August (euxinic) from a 31 
Thaumarchaeota-dominated community (up to 82%) to an archaeal community dominated by the 32 
DPANN super phylum (up to 95%). This marked change coincided with a one order of 33 
magnitude decrease in the total IPL-GDGT abundance. In addition, IPL-GDGTs with glyco- 34 
polar head group increased. This may indicate a transition to Thaumarchaeota growing in 35 
stationary phase or selective preservation of the GDGT pool. In addition, considering the 36 
apparent inability of the DPANN Archaea to synthesize their own membrane lipids, we 37 
hypothesize that the dominant DPANN Archaea population present in August use the lipids 38 
synthesized previously by the Thaumarchaeota or other Archaea to form their own cell 39 
membranes, which would indicate an active recycling of fossil IPLs in the marine surface 40 
sediment. 41 
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1. Introduction 42 
Archaea occur ubiquitously, are abundant in aquatic and terrestrial habitats and play an 43 
important role in global biogeochemical cycles (Jarrell et al., 2011). Marine sediments have been 44 
shown to harbor a diverse archaeal community, including ammonia-oxidizing Thaumarchaeota 45 
(marine group I.1a) (Pester et al., 2011), as well as Bathyarchaeota formerly known as 46 
Miscellaneous Crenarchaeota Group (MCG), Marine Benthic Group-B (MBG-B) and MBG-D, 47 
and Archaea of the DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota 48 
and Nanohaloarchaeota) super phylum, of which the latter are predicted to be involved in 49 
degradation of polymers and proteins under anoxic conditions (Lloyd et al., 2013, Meng et al., 50 
2014; Castelle et al., 2015).   51 
Archaeal lipids are widespread in marine sediments and are commonly used as biomarkers of 52 
Archaea both in present-day systems and in past depositional environments. However, their 53 
biological sources are not well constrained, especially in the light of the expanding archaeal 54 
diversity. Archaeal lipids in marine surface sediments are thought to be derived mainly from 55 
pelagic Thaumarchaeota which, due to grazing and packing in fecal pellets, are efficiently 56 
transported to the sediment where they become preserved in the sedimentary record (Huguet et 57 
al., 2006a). Thaumarchaeota synthesize isoprenoid glycerol dibiphytanyl glycerol tetraethers 58 
(GDGTs) containing 0–4 cyclopentane moieties (GDGT-0 to GDGT-4) as well as the GDGT 59 
crenarchaeol (Sinninghe Damsté et al., 2002), containing 4 cyclopentane moieties and a 60 
cyclohexane moiety, which is considered to be characteristic of this phylum (Pearson et al., 2004; 61 
Zhang et al., 2006; Pester et al., 2011; Pitcher et al., 2011a; Sinninghe Damsté et al., 2012). The 62 
distribution of thaumarchaeotal GDGTs in the marine environment is affected by temperature, i.e. 63 
with increasing temperature there is an increase in the relative abundance of cyclopentane-64 
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containing GDGTs (Schouten et al., 2002; Wuchter et al., 2004, 2005). Based on this 65 
relationship, the TEX86 paleotemperature proxy was developed and calibrated vs. sea surface 66 
temperature (e.g. Schouten et al., 2002; Kim et al., 2010) and has been widely applied for more 67 
than a decade (Schouten et al., 2013). 68 
Although it is generally thought that GDGTs in marine sediments derive from surface-derived 69 
thaumarchaeotal biomass (e.g. Wakeham et al., 2003), some studies have addressed the 70 
possibility of a potential contribution of lipids of benthic Archaea to the fossil record, which 71 
would be relevant for the reliability of TEX86 (Biddle et al., 2006; Shah et al., 2008; Lipp et al., 72 
2008; Lipp and Hinrichs, 2009). Archaeal intact polar lipids (IPLs), where the core lipid (CL) 73 
GDGTs are attached to polar head groups from the building blocks of membranes of living cells 74 
with phospho- head groups have been shown to degrade rapidly upon death of the source 75 
organism (White et al., 1979; Harvey et al., 1986), while IPLs with glyco- polar head groups may 76 
be preserved over (much) longer timescales (Longemann et al., 2010; Bauersachs et al., 2010; 77 
Xie et al., 2013). IPLs of Archaea have been detected in surface marine sediments and used as 78 
biomarkers of the presence of benthic Archaea living in situ (Biddle et al., 2006; Lipp et al., 79 
2008; Lipp and Hinrichs, 2009; Lengger et al., 2012). In addition, some studies have suggested 80 
that benthic marine Archaea recycle fossil CL-GDGTs when producing IPL-GDGTs de novo to 81 
decrease energy requirements (Liu et al., 2011; Takano et al., 2010).  82 
With the exception of Thaumarchaeota, the membrane lipid composition of other phyla of 83 
benthic Archaea present in marine sediments has not been characterized, so their potential impact 84 
on the archaeal lipid pool preserved in the sedimentary record remains unknown. In surface 85 
sediments where O2 is still available, Thaumarchaeota are expected to be dominant due to their 86 
oxygenic metabolism as nitrifiers (Könneke et al., 2005, Wuchter et al., 2006). However, in 87 
subsurface sediments, where O2 is no longer present, archaeal groups such as MBG-D, MCG, 88 
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Thermoplasmatales and methanogens have been reported to be predominant (Kubo et al., 2012; 89 
Lloyd et al., 2013), and may contribute to the total archaeal lipid pool in marine sediments. 90 
Recent studies have also observed a significant presence of Archaea of the super phylum 91 
DPANN, both in surface and subsurface coastal marine sediments (Choi et al., 2016), as well as 92 
in freshwater systems (Ortiz-Alvarez et al., 2016; Ma et al., 2016). However, their contribution to 93 
the sedimentary archaeal lipid pool is expected to be negligible as their small genomes (Castelle 94 
et al., 2015) lack the genes of the membrane lipid biosynthetic pathway, suggesting that they rely 95 
on host cells or cell debris for the synthesis of their lipids (Waters et al., 2003; Jahn et al., 2004).  96 
Here, we have determined the archaeal abundance and composition, using DNA-based 97 
methods, in surface sediments of a seasonally hypoxic marine lake with different O2 and S
2-  98 
bottom water concentrations and compared them with the composition of the archaeal IPLs. The 99 
aim was to identify the potential biological sources of the archaeal IPL lipids detected in surface 100 
sediments under changing environmental conditions, which could impact the biology of the 101 
producer but also the preservation potential of the archaeal lipids.  102 
2. Material and methods 103 
2.1. Study site, sediment sampling and physicochemical analysis 104 
Lake Grevelingen is a former estuary within the Rhine-Meuse-Scheldt delta area of the 105 
Netherlands. The delta became a closed saline reservoir (salinity ca. 30) by way of dam 106 
construction at both the land side and sea side in the early 1970s. As a result of the absence of 107 
tides and strong currents, the lake experiences seasonal stratification of the water column which, 108 
in turn, leads to a depletion of O2 in the bottom water (Hagens et al., 2015). Bottom water O 109 
concentration at the deepest stations starts to decline in April, reaches hypoxic conditions by end 110 
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of May (O2 < 63 µM), and further decreases to reach the state of anoxia in August (O2 <0.1 µM), 111 
with re-oxygenation of the bottom water taking place in September (Seitaj et al., 2015).  112 
Two sampling campaigns were performed on March 13
th
, 2012 (before the start of the annual 113 
O2 depletion) and on August 20
th
, 2012 (at the peak of the annual O2 depletion). Detailed water 114 
column, porewater and solid sediment chemistry of the lake over the year 2012 have been 115 
reported (Seitaj et al., 2015; Hagens et al., 2015; Sulu-Gambari et al., 2016). Intact sediment 116 
cores were recovered at three stations along a depth gradient within the Den Osse basin, one of 117 
the deeper basins in this marine lake: Station 1 (S1) was at the deepest point (34 m) of the basin 118 
(51.747°N, 3.890°E), Station 2 (S2) at 23 m (51.749°N, 3.897°E) and Station 3 (S3) at 17 m 119 
(51.747°N, 3.898°E) (Fig. 1). Cores were retrieved with a single core gravity corer (UWITEC) 120 
using PVC core liners (60 cm × 6 cm i.d.). Further details of the sampling have been described in 121 
detail by Lipsewers et al. (2017). Four cores were sliced at 1 cm resolution (for the purposes of 122 
this study we focused only on the top 1 cm) for lipid and DNA/RNA analysis and kept at –80 ºC 123 
until further processing.  124 
Total organic carbon (TOC) content was determined on sub-samples that were freeze-dried, 125 
ground to a fine powder and analyzed using isotope ratio monitoring mass spectrometry (irm MS; 126 
Thermo Finnigan Delta plus) with connected to a Flash 2000 elemental analyzer (Thermo Fisher 127 
Scientific, Milan). Before analysis, samples were acidified with 2N HCl to remove inorganic 128 
carbon (Nieuwenhuize et al., 1994). Concentration of TOC is expressed as mass % of dry 129 
sediment. O2, S
2-
, bottom water and porewater NH4
+
, NO2
-
 and NO3
-
 were determined as 130 
previously described (Malkin et al., 2014; Seitaj et al., 2015) and reported by Lipsewers et al. 131 
(2017). 132 
2.2. DNA/RNA extraction 133 
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Each sediment sample (0-1 cm) was centrifuged and excess H2O removed by pipetting before 134 
extraction of nucleic acids from the sediment. DNA/RNA was extracted with the RNA 135 
PowerSoil® Total Isolation Kit plus the DNA elution accessory (Mo Bio Laboratories, Carlsbad, 136 
CA). Concentration of DNA was quantified by Nanodrop (Thermo Scientific, Waltham, MA, 137 
USA) and Fluorometric with Quant-iT
TM
 PicoGreen® dsDNA Assay Kit (Life Technologies, The 138 
Netherlands). 139 
2.3. 16S rRNA gene amplicon sequencing and sequencing analysis 140 
PCR reactions were performed with the universal Bacteria and Archaea primers S-D-Arch-0159-141 
a-S-15 and S-D-Bact-785-a-A-21 (Klindworth et al., 2013) as described by Moore et al. (2015). 142 
The archaeal 16S rRNA gene amplicon sequences were analyzed with QIIME v1.9 (Caporaso et 143 
al., 2010). Raw sequences were demultiplexed and quality-filtered with a minimum quality score 144 
of 25, length between 250 and 350, and allowing a maximum two errors in the barcode sequence. 145 
Taxonomy was assigned based on blast and the SILVA database version 123 (Altschul et al., 146 
1990; Quast et al., 2013). The 16S rRNA gene amplicon reads (raw data) have been deposited in 147 
the NCBI Sequence Read Archive (SRA) under BioProject no. PRJNA293286. 148 
2.4. PCR amplification, cloning and archaeal 16S rRNA gene quantification 149 
Amplification of the archaeal amoA gene was performed as described by Yakimov et al. (2011). 150 
The PCR reaction mixture was the following (final concentration): Q-solution 1× (PCR additive, 151 
Qiagen); PCR buffer 1×; Bovine Serum albumin (BSA) (200 mM); Deoxynucleotide (dNTP) 152 
Solution Mix (20 µM); primers (0.2 µM); MgCl2 (1.5 mM); 1.25 U Taq polymerase (Qiagen, 153 
Valencia, CA, USA). PCR conditions were:  95 C, 5 min; 35 × [95 C, 1 min; 55 C, 1 min; 72 154 
C, 1 min]; final extension 72 C, 5 min. PCR products were gel purified (QIAquick gel 155 
purification kit, Qiagen) and cloned in the TOPO-TA cloning® kit from Invitrogen (Carlsbad, 156 
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CA, USA) and transformed in Escherichia coli TOP10 cells following the manufacturer’s 157 
recommendations. Recombinant clones plasmid DNA were purified by Qiagen Miniprep kit and 158 
screening by sequencing (n ≥ 30) using M13R primer by BaseClear (Leiden, The Netherlands). 159 
Resulting archaeal amoA protein sequences were aligned with already annotated amoA sequences 160 
by using the Muscle application (Edgar, 2004). Phylogenetic trees were constructed with the 161 
Neighbor-Joining method (Saitou and Nei, 1987) and evolutionary distances computed using the 162 
Poisson correction method with a bootstrap test of 1,000 replicates. 163 
Quantification of archaeal 16S rRNA gene copies was performed by quantitative PCR (qPCR), 164 
using the primers Parch519F and ARC915R as described by Pitcher et al. (2011b).  165 
2.5. Lipid extraction and analysis 166 
Total lipids were extracted after freeze-drying using a modified Bligh and Dyer method (Bligh 167 
and Dyer, 1959) following a protocol described by Lengger et al. (2014). Each extract was then 168 
dissolved by adding hexane:isopropanol:H2O, 718:271:10 (v/v/v) and filtering through a 0.45 169 
µm, 4 mm diameter true regenerated cellulose syringe filter (Grace Davison, Columbia, MD, 170 
USA).  171 
IPLs were analyzed using ultra high pressure liquid chromatography-high resolution mass 172 
spectrometry (UHPLC-HR MS). An Ultimate 3000 RS UHPLC, equipped with thermostated 173 
auto-injector and column oven, coupled to a Q Exactive Orbitrap MS with Ion Max source with 174 
heated electrospray ionization (HESI) probe (Thermo Fisher Scientific, Waltham, MA), was 175 
used. UHPLC conditions were: thermostatted auto-injector and column oven, YMC-Triart Diol-176 
HILIC column (250 x 2.0 mm, 1.9 µm particles, pore size 12 nm; YMC Co., Ltd, Kyoto, Japan) 177 
at 30 °C . The elution program at 0.2 ml/min was: 100% A (5 min), followed by a linear gradient 178 
to 66% A:34% B in 20 min (held 15 min), followed by a linear gradient to 40% A:60% B in 15 179 
min, followed by a linear gradient to 30% A:70% B in 10 min, where A = hexane/2-180 
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propanol/formic acid/14.8 M NH3 aq (79:20:0.12:0.04; v/v/v/v) and B = 2-propanol/water/formic 181 
acid/14.8 M NH3 aq. (88:10:0.12:0.04; v/v/v/v). Total run time was 70 min, with re-equilibration 182 
20 min between runs. HR MS (Q Exactive Orbitrap, Ion Max source, heated electrospray 183 
ionization [HESI] probe; Thermo Fisher Scientific, Waltham, MA) used the following HESI 184 
settings: sheath gas (N2) pressure 35 (arbitrary units), auxiliary gas (N2) pressure 10 (arbitrary 185 
units), auxiliary gas (N2) T 50 ˚C, sweep gas (N2) pressure 10 (arbitrary units), spray voltage 4.0 186 
kV (positive ion ESI), capillary 275 °C, S-Lens 70 V. IPLs were analyzed with a range of m/z 187 
375 to 2000 (resolution 70,000), followed by data-dependent MS
2
 (resolution 17,500), in which 188 
the 10 most abundant masses in the spectrum (with the exclusion of isotope peaks) were 189 
fragmented successively (stepped normalized collision energy 15, 22.5, 30; isolation window 1.0 190 
m/z). An inclusion list was used with a mass tolerance of 3 ppm to target specific compounds 191 
(supplementary File A.1). The MS instrument was calibrated within a mass accuracy range of 1 192 
ppm using the Thermo Scientific Pierce LTQ Velos ESI Positive Ion Calibration Solution 193 
(containing a mixture of caffeine, MRFA, Ultramark 1621 and n-butylamine in 194 
acetonitrile/methanol/acetic acid solution). IPLs were quantified by integrating the summed mass 195 
chromatograms (within 3 ppm accuracy) of the dominant adduct formed (in the case of 196 
monohexose, MH-, dihexose, DH- and hexose phosphohexose, HPH-IPLs the ammoniated 197 
adduct) and the first isotopomer and reported as peak area response/g dry sediment extracted, due 198 
to the lack of quantitative standards (for details see Pitcher et al., 2011b).   199 
The total lipid extract was further analyzed by way of acid hydrolysis to determine the 200 
composition and relative abundance of IPL-derived CLs (resulting from the hydrolysis of IPLs) 201 
and CL-GDGTs using the method described by Lengger et al. (2012) and analyzed via HPLC-202 
atmospheric pressure chemical ionization MS (HPLC-APCI MS; Schouten et al., 2007) using an 203 
internal C46 GDGT standard as described by Huguet al. (2006b).  204 
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3. Results  205 
3.1. Physicochemical conditions 206 
The seasonal variation in the bottom water O2 concentration in the lake strongly influenced the 207 
bottom water and porewater concentration of O2 and S
2-
 (Table 1). In March, the bottom water 208 
was fully oxygenated at all stations (299–307 μM), O2 penetrated to 1.8–2.6 mm in the sediment 209 
and no free S
2-
 was recorded in the first few cm (Hagens et al., 2015). The width of the suboxic 210 
zone, operationally defined as the sediment layer between the O2 penetration depth (OPD) and 211 
the S
2-
 appearance depth (SAD), varied between 16 and 39 mm across the three stations in March 212 
2012. In contrast, in August, O2 was strongly depleted in the bottom water at S1 (< 0.1 μM) and 213 
S2 (11 μM) and no O2 was detected from microsensor profiling in the surface sediment at these 214 
two stations. At S3, the bottom water concentration of O2 remained higher (88 μM), and it still 215 
penetrated into the surface sediment down to 1.1 mm. In August, free S
2- 
was present near the 216 
sediment-water interface at all three stations, and the concentration of S
2-
 in the porewater 217 
increased with water depth.  218 
Bottom water NH4
+
 concentration at S1 ranged from 3 µM in March to 11.5 µM in August; 219 
NO2
–
 concentration was relatively constant (0.7–1 µM) in March and August. NO3
-
 concentration 220 
ranged from 28 µM in March to < 2 µM in August in S1, whereas in S2 and S3 it varied between 221 
28 µM in March and ca. 10 µM in August (Table 1; for detailed bottom water biogeochemistry 222 
see Seitaj et al., 2015; Hagens et al., 2015; Sulu-Gambari et al., 2016; Lipsewers et al., 2016). 223 
Sediment TOC content varied slightly between stations and seasons, ranging between 1.8 and 4.4 224 
% as described previously (Table 1; Lipsewers et al., 2016). 225 
3.2. Archaeal 16S rRNA gene diversity and abundance 226 
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Archaeal diversity was estimated from 16S rRNA gene amplicon sequencing using universal 227 
primers. The archaeal community was dominated by Thaumarchaeota marine group I (MGI) in 228 
March at both S1 and S3, with 7282% of the total archaeal reads (Fig. 2(A), Table A.1). At S2 229 
these Archaea were slightly less dominant but still comprised almost half of the total archaeal 230 
reads. Other archaeal groups were also present in the surface sediment in March in addition to 231 
MGI, such as members of the phylum Candidatus Woesearchaeota within the DPANN (referred 232 
here as DPANN Woesearchaeota; DHVE-6; 1631%), Thermoplasmatales (314%) and MCG 233 
(1.42.5%). In August, the proportion of reads attributed to the DPANN Woesearchaeota 234 
increased notably from 16 to 95% at S1, from 31 to 66% at S2 and from 21 to 57% at S3, at the 235 
expense of the reads assigned to the Thaumarchaeota MGI (Fig. 2(A), Table A.1). In addition, a 236 
slight increase in the proportion of reads was observed from March to August for Archaea 237 
affiliated to the MCG and Thermoplasmatales groups. Total archaeal abundance estimated from 238 
qPCR with general Archaea 16S rRNA gene primers was comparable between March and August 239 
in all stations, with slightly lower values at S1 (avg. 6 × 10
9
 gene copies/g) and 12 × 1010 gene 240 
copies/g
 
for S2 and S3 (Fig. 2(B)).  241 
The diversity of Thaumarchaeota was further analyzed by way of amplification, cloning and 242 
sequencing of the amoA gene in the surface sediments of the three stations. All amoA sequences 243 
were closely related to sequences previously detected in marine surface sediments. Although 244 
certain variability was detected between the sequences recovered from different stations and 245 
seasons, no clear clustering was observed (Fig. 3).   246 
3.2. Archaeal lipid diversity and distribution 247 
The archaeal IPL-GDGT concentration (quantified as IPL-derived CLs) was almost an order 248 
of magnitude higher in March at all stations in comparison with the values in August, although 249 
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the decrease was less for S3, where slightly lower concentrations of GDGT-0 and crenarchaeol 250 
were detected in March in comparison with the other stations (Table 2). In March, total IPL-251 
GDGTs were distributed mainly between IPL-GDGT-0 (ca. 5 g/g dry wt sediment) and IPL-252 
crenarchaeol (avg. 2.6 g/g). In August, the total IPL-GDGT abundance was lower in 253 
comparison with March (ca. an order of magnitude less), while the distribution did not change 254 
(Table 2). CL-GDGT abundance was also higher in March (26 to 79 g/g) than in August (5 to 255 
15 g/g; Table 2). CL-GDGT abundance was also higher than those of IPL-GDGTs at all stations 256 
and seasons (Table 2). At S1 it was on average 3x higher in both March and August. On the other 257 
hand, at S2, CL-GDGTs were on average 8x higher than IPL-GDGTs in March and 30x higher in 258 
August, with CL-crenarchaeol the most abundant CL-GDGT in August (8 g/g; Table 2), 40x 259 
more than IPL-crenarchaeol (0.2 g/g; Table 2). At S3, CL-GDGTs were on average 4x higher in 260 
concentration than IPL-GDGTs (Table 2). 261 
The IPL composition was assessed from UHPLC-HRMS analysis and various IPL-GDGTs 262 
and IPL-archaeol were specifically targeted by using an inclusion list as part of the analytical 263 
routine (see supplementary File A.1). Within the various IPL types, the distribution for the cores 264 
was comparable to the distribution obtained after analysis of the IPL-derived CLs. IPLs with 265 
GDGT-0 and crenarchaeol as CL were the most abundant IPLs, with the highest concentrations in 266 
March (ca. 10
10
 response units/g), while IPLs with GDGT-1 and -2 as CLs were two orders of 267 
magnitude less abundant (Table 3). In August, total IPL-GDGT concentration decreased by two 268 
orders of magnitude vs. the concentration in March. In March, both IPLs with GDGT-0 and 269 
crenarchaeol cores were found with mainly HPH as IPL type, while in August the IPL type MH 270 
increased at the expense of HPH (Table 3) as also observed in the distribution of the relative 271 
13 
  
abundance of the different lipids (Table A.2). IPL-archaeol was only found at S1 in March with 272 
DH as a headgroup (Table 3).  273 
4. Discussion 274 
The seasonal changes in O2 and S
2-
 concentration in the bottom water triggered an important 275 
switch in the archaeal community composition in the surface sediment. The archaeal community 276 
changed considerably from Thaumarchaeota MGI-dominated in March, when O2 was still present 277 
and S
2-
 was absent (Table 1) to an archaeal community dominated by Archaea of the DPANN 278 
Woesearchaeota, although the seasonal change did not induce a diversity change within the 279 
Thaumarchaeota, as indicated by the amoA gene diversity (Fig. 3).  280 
By multiplying the proportion of 16S rRNA gene reads for the Thaumarchaeota and the 281 
DPANN Woesearchaeota by the total Archaea 16S rRNA gene copies/g sediment, we could 282 
estimate the abundances of these groups (Table 4; assuming one 16S rRNA gene copy number 283 
per genome). For Thaumarchaeota, the abundance decreased dramatically at S1 (from 6 × 10
9
 284 
cells/g
 
to undetected) and at S3 (2 × 10
10
 to 1.2 × 10
9
 cells/g), while at S2 it remained fairly 285 
constant (Table 4). On the other hand, members of the DPANN Woesearchaeota were the major 286 
component of the archaeal population in August at all stations, with absolute numbers increasing 287 
(1 × 10
9 
to 4.2 × 10
9
 cells/g sediment at S1; 2 × 10
9
 to 2 × 10
10 
cells/g at S2, 6.4 × 10
9 
to 1.2
 
× 288 
10
10 
cells/g at S3; Table 4). The change in the archaeal community is entirely compatible with the 289 
metabolism of both Thaumarchaeota and the DPANN Archaea, which is aerobic (Könneke et al., 290 
2005) and anaerobic (Castelle et al., 2015), respectively. Also, nitrification conducted by 291 
Thaumarchaeota has been shown to be inhibited by S
2-
 (Berg et al., 2015), which also explains 292 
the decrease in MGI population upon increase in S
2-
 concentration in the summer. In the same 293 
way, the abundance of the other archaeal benthic groups, which increased in the surface 294 
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sediments in August, such as the Thermoplasmatales and the MCG, are predicted to have an 295 
anaerobic metabolism based on their genome. The environmental control of the change in the 296 
archaeal community diversity is supported by the fact that this change is less evident in the 297 
surface sediment of S3, where O2 was still present and the S
2-
 concentration in summer was 298 
substantially lower than at S1 and S2 (Table 1). Although the seasonality changes in 299 
physicochemical conditions in the bottom water and porewater induced a large change in the 300 
archaeal community diversity, the total archaeal abundance remained fairly constant between 301 
seasons and at the different stations (Fig. 2(B)). The archaeal community analysis was conducted 302 
using primer-based 16S rRNA gene amplicon sequencing. Therefore, we cannot completely rule 303 
out a possible primer bias (Sipos et al., 2010; Schloss et al., 2011), although the under 304 
representation of DPANN sequences in the databases would imply that, if any of these primer 305 
biases were to negatively detect DPANN in our samples, this would induce an underestimation of 306 
this group.  307 
The large change in the archaeal community composition in the surface sediments upon the 308 
decrease in O2 in the summer coincided with an order of magnitude decrease in the total IPL-309 
GDGTs, which is connected to the decrease of the Thaumarchaeota population reported by the 310 
quantitative PCR and sequencing data. The IPL-GDGT profiles in March were compatible with a 311 
Thaumarchaeota-dominated population, due to the relatively high abundance of crenarchaeol, the 312 
specific CL of Thaumarchaeota (Sinninghe Damsté et al., 2002). In addition, the IPLMH-313 
crenarchaeol (and all other main GDGTs) increased at the expense of the HPH-IPL from March 314 
to August (Table 3). The predominance of HPH IPL-crenarchaeol has been interpreted as an 315 
indication of the presence of an active Thaumarchaeotal population synthesizing membrane lipids 316 
in situ (Lengger et al., 2012, 2014), due to the labile nature of HPH IPLs (Harvey et al., 1986; 317 
Schouten et al., 2010). On the other hand, glycolipid-type IPLs (here mainly MH) have been 318 
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considered as a fossil signal (Lengger et al., 2012, 2014) or, alternatively, as the preferred IPL 319 
type in conditions where the Thaumarchaeota are in a stationary phase of growth (Elling et al., 320 
2014). Therefore, the presence of glycolipid-IPLs in the surface sediments in August could be 321 
interpreted as a remnant of a Thaumarchaeota population previously existing in March, as 322 
supported by the sequencing data, or alternatively a population of Thaumarchaeota that are in 323 
stationary phase of growth due to the unfavorable (hypoxic and sulfidic) conditions.  324 
Recent studies suggest that members of the DPANN have a reduced genome with limited 325 
metabolic capability (Rinke et al., 2013; Castelle et al., 2015), suggesting that these Archaea may 326 
have a symbiotic or parasitic lifestyle. In addition, most of the DPANN Archaea genomes 327 
available also lack most if not all the genes coding for the enzymes of the archaeal lipid 328 
biosynthetic pathway with the exception of the genomes of the phylum Candidatus Micrarchaeota 329 
and the genome of Ca. Iainarchaeum andersonii which harbor homologs of the 330 
geranylgeranylglyceryl phosphate (GGGP) and the digeranylgeranylglyceryl phosphate 331 
(DGGGP) synthase mediating the formation of the two ether bond between the isoprenoid side 332 
chains and the glycerol-1-phosphate as overview in Table A.3 (Jahn et al., 2004; Villanueva et 333 
al., 2017). They are therefore not expected to contribute to the total IPL-GDGT pool by actively 334 
synthesizing lipids but may recycle the membrane lipids of other Archaea. The decline in the 335 
total archaeal IPL-GDGTs in August coinciding with the switch to a DPANN Woesearchaeota-336 
dominant population with similar or even higher cell abundance to that in March would therefore 337 
imply that the DPANN Woesearchaeota make use of the preserved (‘fossil’) pool of IPL-GDGTs 338 
to make their membranes. Alternatively, this DPANN Woesearchaeota population could 339 
potentially be using another archaeal membrane lipid not detected in our analysis. Apart from 340 
IPL-GDGTs, IPL-archaeol with dihexose polar head group was detected only in the surface 341 
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sediment of S1 in March (Table 3), therefore it seems unlikely that archaeol could be the archaeal 342 
membrane lipid source of the DPANN Woesearchaeota.  343 
A question remains with respect to the potential membrane lipid acquisition mechanism 344 
regarding if the pool of ‘fossil’ IPL-GDGTs would be able to fulfill the membrane requirements 345 
of the large archaeal DPANN population detected in the surface sediments sampled in August in 346 
view of the much reduced concentration of IPL-GDGTs, which is an order of magnitude lower. 347 
This can only work when the DPANN Archaea have a much smaller cell size than the 348 
Thaumarchaeota that thrive in spring. The size of the DPANN Woesearchaeota in Lake 349 
Grevelingen surface sediment is unknown. The only characterized archaeon from the DPANN 350 
super phylum is Nanoarchaeum equitans, which is considered to be a symbiont of the archaeon 351 
Ignicoccus sp. by growing on its surface. The lipids of N. equitans have been shown to be derived 352 
from Ignicoccus sp. (Jahn et al., 2004), but the uptake mechanism is unknown. N. equitans is 5x 353 
smaller than its host, the archaeon Ignicoccus sp. Assuming a similar size difference between the 354 
DPANN Woesearchaeota in Lake Grevelingen surface sediments and its potential host, sufficient 355 
IPLs would be available to sustain the DPANN population detected in the sediments in August.  356 
Alternatively, the DPANN Archaea could recycle the CL-GDGTs present in the sediment, as 357 
suggested by Takano et al. (2010) and Liu et al. (2011), which is presumed to involve hydrolysis 358 
and reformation of the ether bond to the glycerol backbone, as suggested by the 
13
C-glucose 359 
labeling studies of Takano et al. (2010). However, since the members of the DPANN generally 360 
lack the gene coding for the enzymes involved in producing the ether bonds to the glycerol 361 
backbone (Villanueva et al., 2017), this is unlikely. Alternatively, they could also use the CL-362 
GDGTs and add the polar head groups de novo. Waters et al. (2003) observed the presence of 363 
genes for lipid modification, such as glycosylation, in the genome of N. equitans. We performed 364 
a search for the gene encoding cytidine diphosphate (CDP)-archaeol synthase (CarS, E.C. 365 
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2.7.7.67) that catalyzes the activation of 2,3-bis-O-geranylgeranylglyceryl diphosphate (DGGGP) 366 
by cytidine triphosphate (CTP) to form the intermediate for polar head group attachment (i.e. 367 
CDP-archaeol), and we found homologs in most of the DPANN Micrarchaeota genomes and in 368 
some of the DPANN Parvarchaeota and Diapherotrites (Table A2; performed by way of find 369 
function in JGI Integrated Microbial Genomes, IMG with genomes available in November 2017). 370 
However, the genes coding for the enzymes that catalyze the subsequent replacement of cytidine 371 
monophosphate of the cytidine diphosphate (CDP)-archaeol of CDP-diacylglycerol with a polar 372 
head group in DPANN genomes were not detected, in contrast to N. equitans (Waters et al., 373 
2003). This may indicate that the members of the DPANN either do not have the capacity of 374 
adding the polar head groups to the CL-GDGT or that the polar head groups of their IPLs are 375 
different and added by enzymes different from those already characterized.  376 
 377 
 378 
5. Conclusions 379 
We observed a dramatic change in the archaeal community composition and lipid abundance in 380 
surface sediments of a seasonally hypoxic marine lake, which corresponded to a switch from a 381 
Thaumarchaeota-dominated to a DPANN-dominated archaeal community, while the total IPLs 382 
were significantly reduced. Considering the reduced genome of the members of the super phylum 383 
DPANN and their apparent inability to synthesize their own membrane lipids, we hypothesize 384 
that they use the CLs previously synthesized by the Thaumarchaeota to form their membrane.  385 
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Figure Legends 580 
Fig. 1. Sampling locations in Lake Grevelingen. 581 
Fig. 2. Phylogenetic tree of amoA protein sequences recovered from the surface sediment (01 582 
cm) of S1-S3 in Lake Grevelingen during March and August constructed with the Neighbor-583 
Joining method (Saitou and Nei, 1987). Scale bar indicates 2% sequence dissimilarity. 584 
Evolutionary distances were computed using the Poisson correction method with a bootstrap test 585 
of 1,000 replicates (values > 50% are shown on the branches).  586 
Fig. 2. (A) Proportion (%) of total archaeal 16S rRNA gene reads and (B) archaeal 16S rRNA 587 
gene abundance (copy number/g
 
sediment) in surface sediment (0–1cm) of S1-S3 in March and 588 
in August. Only archaeal groups > 3% are reported; qPCR conditions, efficiency 90%; R
2
 0.991.  589 
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Table 1 
Physicochemical parameters for bottom water and surface sediment (0–1 cm) at the three stations (S1-S3) in Lake Grevelingen in 
spring (March) and summer (August; data included in Seitaj et al., 2015; Sulu-Gambari et al., 2016; Hagens et al., 2015; Lipsewers et 
al., 2016). 
 
S1 S2 S3 
March August March August March August 
Bottom water
a 
      
  (°C) 5 17 5 17 5 19 
 
O2 [μM] 
299 0 301 12 307 88 
 (oxic) (anoxic) (oxic) (hypoxic) (oxic) (hypoxic) 
 NH4
+
 [μM] 3.2 11.5 3.0 4.3 2.8 2.5 
 NO2
−
 [μM] 0.7 1.0 0.7 0.7 0.7 0.1 
 NO3
−
 [μM] 28.2 1.7 27.9 11.6 27.7 10.6 
Surface sediment       
 HS
−
 [μM] 0 810 0 1157 0 211 
 NH4
+
 [μM] 279 656 165 550 73 537 
 TOC (%) 2.86 1.81 3.11 2.38 2.87 3.04 
 OPD (mm)
b
 1.8±0.04 0 2.6±0.65 0 2.4±0.4 1.1±0.1 
 SAD (mm)
c
 17.5±0.7 0.9±1.1 21.3±2.5 0.6±0 41.8±8.6 4.2±2.7 
a 
Classified as anoxic with O2 < 1 μM and hypoxic < 63 μM; 
b
 O2 penetration depth; 
c
 ∑H2S appearance depth. 
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Table 2 
Abundance and distribution
a
 of IPL-derived (released by acid hydrolysis) and CL-GDGTs (µg/g dry wt) in the surface sediment (0–1 
cm) of the three stations (S1-S3) in Lake Grevelingen in spring (March) and summer (August).  
 S1 S2 S3 
March August March August March August 
IPL-derived 
GDGTs       
GDGT-0 5.1 (56.9) 0.8 (48.2) 5.9 (60.5) 0.2 (45.5) 3.0 (58.6) 1.7 (54.6) 
GDGT-1 0.4 (4.6) 0.1 (5.5) 0.4 (4.4) 0.02 (4.9) 0.3 (5) 0.1 (4.6) 
GDGT-2 0.2 (2.2) 0.1 (3.7) 0.2 (2.2) 0.01 (2.6) 0.1 (2.7) 0.1 (2.3) 
GDGT-3 0.1 (0.9) 0.02 (1.3) 0.1 (0.8) 0.01 (1.1) 0.05 (1) 0.03 (0.9) 
Cren
b 
3.1 (34.8) 0.6 (40.8) 3.1 (31.6) 0.2 (44.8) 1.7 (32.5) 1.1 (37.2) 
Cren
c 
0.04 (0.5) 0.01 (0.5) 0.04 (0.4) 0.01 (1.1) 0.02 (0.3) 0.01 (0.4) 
TOTAL 9.0 1.6 9.7 0.5 5.1 3.0 
CL-GDGTs       
GDGT-0 12.9 (44) 2.1 (43) 36.2 (46) 5.8 (39.3) 11.8 (45.3) 2.9 (40.8) 
GDGT-1 1.1 (3.7) 0.2 (3.6) 2.9 (3.7) 0.5 (3.5) 0.9 (3.5) 0.2 (3.5) 
GDGT-2 0.5 (1.6) 0.1 (1.6) 1.3 (1.6) 0.2 (1.4) 0.4 (1.5) 0.1 (1.5) 
GDGT-3 0.2 (0.8) 0.04 (0.7) 0.6 (0.8) 0.1 (0.7) 0.2 (0.7) 0.05 (0.7) 
Cren
b 
14.5 (49.5) 2.5 (50.5) 37.5 (47.6) 8.1 (54.8) 12.7 (48.8) 3.7 (53) 
Cren’c 0.1 (0.4) 0.03 (0.5) 0.3 (0.4) 0.04 (0.3) 0.1 (0.2) 0.04 (0.6) 
Total 29.2 4.9 78.8 14.8 26.0 7.1 
aValues in parentheses correspond to fractional (relative) abundance of each individual GDGT as the concentration of the individual GDGT divided by the sum of the concentration 
of all GDGTs in that fraction; b crenarchaeol; c crenarchaeol regioisomer. 
3 
  
Table 3 
 Absolute abundance (response units, r.u/g dry weight of archaeal IPLs; n.d., not detected) in surface sediments (01cm). 
Intact Polar lipids
 S1 S2 S3 
March August March August March August 
GDGT-0-MH 9.4×10
7
  1.3×10
7
  3.1×10
8
  4.4×10
7
  1×10
8
  4.9×10
7
  
GDGT-0-DH 6.3×10
7
  n.d. 7.3×10
7
  n.d. 6.7×10
7
  n.d. 
GDGT-0-DH'
b 
2×10
8
  n.d. 2.1×10
8
  n.d. 1.4×10
8
  2.6×10
7
  
GDGT-0-HPH 1.7×10
10
  3.3×10
8
  1.9×10
10
  8.5×10
8
  1.4×10
10
 1.8×10
9
  
GDGT-1-MH 9.4×10
7
  n.d. 8.9×10
6
  n.d. 1.2×10
6
  n.d. 
GDGT-1-DH 1.9×10
8
  n.d. 2.1×10
8
  n.d. 6.2×10
7
  n.d. 
GDGT-1-DH'
b 
n.d. n.d. n.d. n.d. 8.2×10
7
  n.d. 
GDGT-1-HPH 4.6×10
8
  n.d. 3.4×10
8
  n.d. 5.2×10
8
  n.d. 
GDGT-2-DH 1.4×10
8
  n.d. 2.7×10
8
  n.d. 1.1×10
8
  n.d. 
GDGT-3-DH 8×10
6
  n.d. 2.7×10
7
  n.d. 1×10
7
  n.d. 
GDGT-3-DH'
b 
n.d. n.d. 1.2×10
7
  n.d. n.d. n.d. 
GDGT-4-DH 7.8×10
7
  n.d. 1.5×10
8
  n.d. 5×10
7
  n.d. 
GDGT-4-DH'
b 
n.d. n.d. n.d. n.d. 1.3×10
7
  n.d. 
Crenarchaeol-MH 1.5×10
8
  5.3×10
7
 3.1×10
8
  5.7×10
7
  9.5×10
7
  7×10
7
  
Crenarchaeol-HPH 1.1×10
10
 2.4×10
8
 8.5×10
9
  6.1×10
8
 6.6×10
9
  1.5×10
9
 
Archaeol-DH 3.8×10
8
  n.d. n.d. n.d. n.d. n.d. 
Total ru/g 3.0×10
10
 8.7×10
8
 3.0×10
10
 1.6×10
9
 2.2×10
10
 3.4×10
9
 
 
a 
MH, monohexose; DH, dihexose; HPH, hexose phosphohexose; 
b 
isomer.  
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Table 4 
Archaeal class abundance (cells/g sediment) calculated by multiplying the proportion (%) of total archaeal 16S rRNA gene reads by 
the archaeal 16S rRNA gene abundance (copy number/ sediment)  in surface sediment (0–1cm) of the three stations S1-S3 in March 
and August, assuming one 16S rRNA gene copy number per genome (n.d., not detected). 
Organism 
S1 S2 S3 
March August March August March August 
Thermoplasmata, 20a-9 n.d n.d n.d 7.8 ×10
8
 n.d 2.0 ×10
8
 
Thermoplasmatales, AMOS1A-4113-D04 n.d n.d 5.5 ×10
7
 6.0 ×10
7
 4.1 ×10
8
 6.0 ×10
8
 
Thermoplasmatales, CCA47 n.d n.d 1.7 ×10
8
 2.4 ×10
8
 2.3 ×10
8
 1.7 ×10
7
 
Thermoplasmatales, MBG-D
a
 & DHVEG-1 n.d 1.1 ×10
8
 6.1 ×10
8
 7.8 ×10
8
 1.2 ×10
8
 2.0 ×10
8
 
Thermoplasmatales, VC2.1 Arc6 n.d n.d 1.1 ×10
8
 3.0 ×10
8
 5.8 ×10
7
 1.2 ×10
9
 
Sum of reads Thermoplasmatales n.d 1.1 ×10
8
 9.4 ×10
8
 1.4 ×10
9
 8.2 ×10
8
 3.7 ×10
9
 
Miscellaneous crenarchaeota group, C3 9.9 ×10
7
 1.1 ×10
8
 1.7 ×10
8
 2.1 ×10
9
 n.d 9.0 ×10
8
 
Thaumarchaeota, marine group I, Nitrosopumilus 5.8 ×10
9
 n.d 3.1 ×10
9
 2.9 ×10
9
 2.2 ×10
10
 1.2 ×10
9
 
Miscellaneous euryarchaeotic group (MEG)  n.d n.d n.d 1.4 ×10
9
 n.d n.d 
DPANN, Woesearchaeota DHVEG-6 1.1 ×10
9
 4.2 ×10
9
 2.0 ×10
9
 1.9 ×10
10
 6.4 ×10
9
 1.2 ×10
10
 
MBG-B
b 
n.d n.d n.d 9.0 ×10
8
 n.d 1.0 ×10
9
 
Others 4.9 ×10
7
 n.d 2.2 ×10
8
 6.0 ×10
7
 1.5 ×10
9
 2.3 ×10
9
 
Total archaeal abundance (cell/g) 7.1×10
9
 4.4×10
9
 6.5×10
9
 2.8×10
10
 3.1×10
10
 2.1×10
10
 
Total CL-GDGTs and IPL-derived GDGT g g-1 38.2 6.5 88.5 15.3 31.1 10.1 
Calculated femtogram GDGT/cell 1.3 7.5 3.0 9.8 1.4 2.9 
a
 Marine Benthic Group D; 
b
Marine Benthic Group B. 
 
